Abstract
Ž
. Ž . Results: DS hearts developed hypertrophy after 4 weeks of a high-salt diet 4WHSD , as indicated by a 26% increase p -0.01 in the Ž . heart to body weight ratio and a 21% increase p -0.01 in cell width. Heart failure developed after 12 weeks of a high-salt diet Ž . Ž . 12WHSD , as indicated by an 11% increase p -0.01 in the lung wet to dry weight ratio. Furthermore, in DS-12WHSD hearts, the diastolic pressure-volume relationship had shifted rightward. DR rats did not develop hypertension and served as age-matched controls. A Ž . 31% p -0.05 increase in the %CS in DS-4WHSD myocytes compared to DR-4WHSD myocytes with a trend of a parallel increase in Ca 2q transient amplitude was found. There was no difference in the Ca 2q transient parameters between DR and DS at 12WHSD, but an Ž . w 2q x 18% p -0.01 decrease occurred in peak Ca in DS myocytes between 4WHSD and 12WHSD. In DS-12WHSD, the time to peak i shortening and the time from peak shortening to 50% and 90% relaxation was significantly prolonged by 27%, 44%, and 38%, Ž . respectively, as compared to the age-matched DR myocytes. Conclusion: Our results indicated that: 1 normal Ca homeostasis is Ž . preserved at the stage of compensated hypertrophy; 2 the early signs of isolated myocyte dysfunction were a prolongation of the
Introduction
Chronic pressure overload due to hypertension can lead to myocardial hypertrophy and heart failure, and is a major cause of death in many developed countries. However, the cellular mechanisms responsible for the transition from Ž . compensated left ventricular LV hypertrophy to congestive heart failure have not yet been completely elucidated. Cardiac hypertrophy is thought to be an adaptive mechanism of the heart to overcome hemodynamic overload and w x normalize wall stress 1 and is accompanied by biochemi- cal and molecular changes in cardiac myocytes. The sarco-Ž . plasmic reticulum SR is an important determinant of myocyte contraction and relaxation because of its ability to 2q w x regulate cytosolic Ca 2 . To elucidate the alteration in excitation-contraction coupling, several studies on the intracellular calcium transient and contractility from failing w x human hearts 3,4 and from animal models of heart failure w x 5,6 have been performed. They consistently report a significant prolongation in the time course of the Ca other as the heart progresses to failure. The correlation of physiological, biochemical, and molecular data in myocardial hypertrophy and failure is hampered by the lack of a good animal model that can consistently demonstrate compensated LV hypertrophy and overt, clinically relevant w x congestive heart failure 7-9 .
The inbred strain of Dahl salt-sensitive rats was derived from noninbred stock of Brookhaven Dahl salt-sensitive w x rats 10,11 . When fed a high-salt diet, the Dahl salt-sensitive rat develops hypertension with low renin and aldosterone levels, compensated LV hypertrophy, followed by w x congestive heart failure 12 . Dahl salt-resistant rats, the contrasting strain, derived from the same colony with a 95% genetic homology with Dahl salt-sensitive rats, developed neither hypertension, nor hypertrophy, and can serve as age-matched controls. Based on their consistent demonstration of the transition from hypertrophy to congestive heart failure due to hypertension, the Dahl salt-sensitive rat has been proposed as an ideal animal model to study w x hypertension induced hypertrophy and heart failure 12 .
Our study is the first to use myocytes, isolated from Ž . Dahl rats, paced at a physiological rate of 5Hz. We, 1 measured the serial relationship between cell shortening 2q Ž . and the Ca transient in the LV myocytes; and 2 compared the results between the hypertrophy and heart failure stages and the age-matched controls. The data indicate that alterations in excitation-contraction coupling occur in LV myocytes isolated from DS rats during the transition from compensated hypertrophy to failure. However, our results suggest that, in this model, abnormalities in mechanical function are not secondary to abnormal intracellular Ca 2q handling.
Methods

Animal model
Male inbred DS and DR rats, obtained from Harlan Sprague Dawley, were housed, one rat per cage, in the Animal Facility of Boston University Medical Center as per the Guide for the Care and Use of Laboratory Animals. w x We followed the protocol described by Inoko et al. 12 with the following modifications: The rats arrived at 8-9 Ž . weeks of age, and were fed a low-salt diet 0.12% NaCl for one week for acclimatization. At the end of the acclimatization period, the rats were fed a high-salt diet Ž . 7.8% NaCl and water ad libitum for 4 or 12 weeks. Body weight was measured weekly. Systemic blood pressures w x were measured by the tail-cuff method 13 in unanesthetized rats at 308C at the time point of study.
Two cohorts of animals were used in this study. One cohort of animals underwent a whole heart perfusion protocol to assess LV remodeling and contractile performance by establishing diastolic and systolic pressure-volume relationships. The other cohort was used for an isolated myocyte study to assess mechanical function and Ca 2q homeostasis. The isolated myocytes were studied at two stages: Ž . 1 4WHSD: after hypertension and concentric LV hyper-Ž trophy developed, but before heart failure occurred after 4 . Ž . weeks of a high-salt diet ; and 2 12WHSD: between the Ž LV hypertrophy stage and end-stage heart failure after 12 . weeks of a high-salt diet .
Whole heart perfusion study
To characterize hemodynamic changes and LV remodeling, whole heart perfusion studies were performed in an Ž . isolated isovolumically beating balloon-in-LV heart preparation perfused with red blood cells as previously w x described 14,15 . Briefly, rats were injected intraperi-Ž . toneally with sodium pentobarbital 1 ml, 15 mgrml . The thorax was rapidly opened and the heart was excised. A short perfusion cannula was inserted into the aortic root and the hearts retrogradely perfused within 10 s. The left ventricle was vented of the Thebesian drainage with an apical cannula. All coronary venous effluent was collected by a cannula in the ligated pulmonary artery and measured by timed collection. Two pacing electrodes were placed on the epicardial surface and the hearts were paced at 5Hz Ž . Grass Instruments, Model 59, Quincy, MA . A fluid-filled latex balloon connected to a Statham P23Db pressure Ž . transducer Statham Instrument, Hato Rey, Puerto Rico by a short, stiff polyethylene tubing was then placed into the left ventricle through an incision in the left atrium. Coronary perfusion pressure was measured via a Statham P23Db pressure transducer connected to the aortic cannula. Coronary pressure, left ventricular pressure and its derivative Ž were recorded on a multichannel recorder Gould Cleve-. land, Ohio .
Coronary perfusion pressure was 80 mmHg for the DR hearts and 100 mmHg for the DS hearts. A higher perfusion pressure was used in the DS hearts to compensate for the known increased coronary resistance, and to provide comparable levels of myocardial perfusion to both groups. At 4WHSD, the levels of myocardial perfusion were 2.70 " 0. 15 N-2-hydroxyethylpiperadine-N ı-2-ethanesulfonic acid w x HEPES , 50 L-glutamic acid, 20 taurine, and 10 glucose, . pH 7.4 . The hearts were cannulated via the aorta and perfused in the Langendorff mode with a constant perfusion pressure of 90 cm H O and 120 cm H O for the 2 2 hearts excised from DR and DS rats respectively. The hearts were first perfused for 5 min with non-recirculating 2q Ž
mM Ca
Tyrode solution in mM: 137 NaCl, 5.4 KCl, 1.8 CaCl , 0.5 MgCl , 10 HEPES, 10 glucose, pH 2 2 . 2q 7.4 and Ca -free Tyrode solution for another 5 min. They were then perfused with a circulating digestion solu-Ž tion containing 0.08% collagenase A Boehringer . Mannheim, Indianapolis, MN and 0.02% protease type Ž . XIV Sigma Chemicals, St. Louis, MO . After the hearts were palpably flaccid, the digestion solution was then washed out with KB solution for 5 min. The left ventricle Ž . including the septum was cut into small pieces and gently agitated, allowing the cells to be dispersed in the KB solution. After 60 min, the cells were resuspended in 1.2 mM Ca 2q Tyrode for subsequent experimental use. All perfusion solutions were equilibrated with 100% oxygen and the temperature of the solutions was maintained at 378C throughout the isolation process. The yield of rodshaped, Ca 2q -tolerant myocytes was approximately 50-75% of isolated cells in all groups, except DS rats after 12WHSD, which produced only 20-30%.
Fura-2r AM loading and distribution
Freshly dissociated LV myocytes were incubated in the solution containing 1 mM of membrane-permeant fura-Ž . 2rAM Molecular Probes, Eugene, OR for 10 min at room temperature. After washing out the fura-2rAM in the loading solution, an additional 40 min was allowed for the deesterification of the fura-2 ester in the cells. 500 mM probenecid was included throughout this procedure to prevent the leakage of fura-2 from the cells. The extent of loading of fura-2 into non-cytosolic compartments was w x tested by the MnCl quenching method 17 . The results 2 indicated that more than 90% of the recorded fura-2 fluorescence emanated from the cytosolic space. Fura-2 is a Ca 2q chelator and is known to buffer cytosolic Ca 2q . This Ca 2q -buffering effect may affect cytosolic Ca 2q concentrations and myocyte function. Therefore, we selected a fura-2 loading concentration that did not affect overall cell shortening by comparing the % cell shortening with and without fura-2 loading. In addition, the fura-2 loaded myocytes were required to have consistent fura-2 depen-Ž dent fluorescence the ratio of 360 nm excited fura-2 fluorescence to 360 nm excited cell auto fluorescence was . always around 4-5 .
Cell inclusion criteria
The cells were electrically stimulated at a physiological rate of 5 Hz and superfused with 1.2 mM Ca 2q Tyrode solution at 378C. Myocytes included in this study were Ž . selected using the following criteria: 1 rod-shaped with a Ž clear striation pattern no granulation and no cauliflower-. Ž . shaped cell ends ; 2 quiescent when unstimulated; and Ž . 3 stable mechanical behavior at 5 Hz and 378C for 10-15 min. No cells were used past 6 h post-isolation.
Measurement of cell shortening
Myocytes were viewed using a Nikon Diaphot micro-Ž . Cytosolic calcium was measured by the fluorescent Ž . calcium indicator fura-2 Molecular Probes, Eugene, OR , using a dual fluorescence, calcium ion sensing system Ž . IonOptix, Milton, MA . The fura-2-loaded myocytes were excited at 360 " 6.5 nm and 380 " 6.5 nm. Emission fluorescence was measured at 510 " 15 nm. The fluorescence ratio, F rF , was independent of the intracellular 360 380 fura-2 concentration, cell geometry and excitation light intensity, and reflected the intracellular calcium concentraw x tion 18 .
Myocytes were alternately excited with an ultraviolet Ž . UV xenon lamp at wavelengths of 360 and 380 nm through filters installed on a rotary wheel controlled by the data acquisition system. The excitation light was transmit-Ž ted to the cell through a dichroic mirror cutoff l 430 nm, . Omega Optical, VT and an epifluorescence 40x oil immersion objective lens. The emission fluorescence was collected by the objective transmitted through the previously described dichroic mirror, reflected to the side port Ž of the microscope, where another dichroic mirror cutoff l . Ž . 550 nm reflected the light l -550 nm through a barrier Ž filter, 510 " 15 nm, to a photomultiplier tube Hamamatsu, . NJ . An adjustable aperture stop was used to restrict the collected light to the observed cell. These photons, counted by the photomultiplier tube, were collected simultaneously with the cell shortening signal by the data acquisition system provided by IonOptix. In order to take into account any inference effects of background fluorescence, the background fluorescence value was subtracted from the entire recording. The background fluorescence was measured at 4 points adjacent to the myocyte being measured. Myocytes were always more than two myocyte lengths apart. The average of the fluorescence signal from these 4 adjacent points thus assessed a cell-free area of approximately two myocyte lengths distance between myocytes. , whereas the fluorescence excited by w 2q x 360 nm was independent of Ca changes. During a i single data collection run, the myocytes were excited by 360 nm for 120 ms at the beginning and the end of the run, which lasted 500 ms. Between these two points, the myocytes were only excited by 380 nm wavelength. The fluorescence signal was acquired by the system at a sampling rate of 500 Hz. At each of these sampling points, a calculated 360 nm excited fluorescence was determined, using an interpolation of the 360 nm excited fluorescence collected at the beginning and the end of the data collection run. The data from 10 sequential runs were averaged to increase signal to noise ratio. This technique had a time resolution of 2 ms. 
Fluorescence ratio F r
In situ calibration of Fura-2 fluorescence
A subset of cells from both groups at each stage was calibrated in situ by sequential exposure to calibration w x buffers according to the modified method of Borzak 19 . Briefly, cells were superfused with nominally Ca 2q -free Tyrode buffer containing 40 mM 2,3-Butanedionemono-Ž . xime BDM, Sigma followed by the same buffer with the addition of 1 mM EGTA and 10 mM ionomycin, and finally an identical buffer with 4 mM Ca 2q substituted for EGTA. We used BDM to uncouple myocyte excitation and contraction, thereby preventingw 2q x ) ) Ca s K b R y R r R y R Ž . Ž .
Data analysis
The data was collected and analyzed using a data acquisition system developed by IonOptix, Milton, MA. The system allowed for the simultaneous acquisition of fluorescence signal and cell shortening. The absolute twitch amplitude was the difference between the systolic cell length and the diastolic cell length. The cell shortening Ž . %CS was expressed as the ratio of absolute twitch amplitude to diastolic cell length. The duration of twitches was measured as the time from onset of contraction to peak shortening and the time from peak shortening to 50% and 90% relaxation. Similarly, the amplitude and the time course of Ca 2q transients were analyzed accordingly. The instrument, was calibrated weekly by using a fura-2-Ca 2q Ž . calibration kit Molecular Probes, Eugene, OR to ensure the stability of the fluorometer.
Statistical analysis
Statistical differences between the mean values for two groups were evaluated by the unpaired Student's t test. Where multiple means were compared, an ANOVA analy-Ž . Fig. 1 shows body weight, systolic blood pressure, heart to body weight ratio, and lung wet to dry weight ratio in DS and DR rats used for the isolated myocytes study. As Ž . Ž expected, the high-salt diet resulted in hypertension sys-. tolic blood pressure) 200 mmHg that was maintained throughout the entire experimental period. In DS rats, the heart weight to body weight ratio, an index of cardiac Ž . hypertrophy, was increased by 26% p -0.01 after four Ž . Ž . weeks of the high-salt diet 4WHSD and 39% p -0.01 Ž . after 12 weeks of the high-salt diet 12WHSD , as compared to that of the age-matched DR rats. Many of the DS rats became less active and developed respiratory distress after 8-9 weeks of high-salt feeding, whereas DR rats showed normal activity and no respiratory distress. The lung wet to dry weight ratio, an index of pulmonary congestion, was not different between DS and DR rats Ž . after 4WHSD. The ratio was increased by 11% p -0.01 when compared to age-matched DR rats after 12WHSD, indicating pulmonary congestion in DS after 12WHSD.
Results
Animal and cardiac characteristics
Animal characteristics of the groups of rats used in the whole heart perfusion studies were comparable to animals used for isolated myocyte studies. Pre-hypertensive ani-Ž mals had similar LVrBW ratios DR-baseline vs. DS-. baselines 2.20 " 0.05 vs. 2.41 " 0.10 mgrg; p s NS . After 4WHSD, LVrBW was significantly higher in DS Ž rats DR-4WHSD vs. DS-4WHSDs 2.29 " 0.06 vs. 3.07 . " 0.09; p -0.05 and had further increased after 12WHSD ŽDR-12WHSD vs. DS-12WHSDs 2.56 " 0.07 vs. 3.79 " . 0.23; p -0.01 , indicating increased LV hypertrophy. After 4WHSD, there was no pulmonary congestion as indi-Ž cated by a similar lung wet to dry weight ratio DR-4WHSD . vs. DS-4WHSDs 4.52 " 0.13 vs. 4.54 " 0.03; NS . However, lung wet to dry weight ratio was increased after Ž 12WHSD DR-12WHSD vs. DS-12WHSDs 4.50 " 0.19 . vs. 7.62 " 1.13; p -0.05 . Fig. 2 shows the measured cell width and cell length in fresh isolated LV myocytes from DS and the age-matched DR rats at each stage. In DS rats, the cell width was Ž . significantly increased both after 4WHSD 21% and after Ž . 12WHSD 25% , when compared to age-matched DR rats. The cell length, however, was only significantly increased Ž . 25% after 12WHSD. In contrast, DR rats exhibited a Ž . slight increase p -0.01 in cell width overtime but no changes in cell length.
Myocyte morphology
Hemodynamics of whole heart perfusion study
The diastolic pressure-volume curves were indistinguishable between DS and DR hearts at the baseline stage Ž . Fig. 3A . After 4WHSD, the LV diastolic pressure-volume curve of DS hearts was shifted to the left of that of Ž . age-matched DR hearts Fig. 3B , consistent with concentric LV hypertrophy. After 12WHSD, for any given LV diastolic pressure, LV volume of DS hearts was increased almost threefold compared to DS-4WHSD. This resulted in a rightward shift of the diastolic pressure-volume curve of DS-12WHSD hearts compared to that of the age-matched Ž . DR hearts Fig. 3C .
At the baseline stage, LV contractile function, as assessed by the developed pressure-volume relationship, was Ž . similar between DS and DR rats Fig. 4A . After 4WHSD, the contractile performance of DS-4WHSD rats was improved compared to DR-4WHSD, i.e., for any given preload DS-4WHSD hearts developed a greater pressure Ž . Fig. 4B . After 12WHSD, when pulmonary congestion was present, LV systolic function in the DS-12WHSD rats Ž was still greater than that of DR-12WHSD hearts Fig. . 4C , albeit decreased compared to DS-4WHSD.
Mechanical performance of myocytes
A representative tracing of cell shortening is shown in Ž . Fig. 5 Trace A . The results of mechanical function of myocytes are shown in Table 1 . After 4WHSD, the percent Ž . Ž . cell shortening %CS was higher p -0.05 in DS myocytes than in the age-matched DR myocytes. There were no significant differences in the time from onset of contraction to peak shortening and the time from peak to 50% and 90% relaxation after 4WHSD between DS and the age-matched DR myocytes. The %CS after 12WHSD in DS myocytes was not different as compared to the agematched DR myocytes, but was significantly depressed as compared to DS-4WHSD myocytes. After 12WHSD, the time to peak shortening and the time from peak to 50% and 90% relaxation was significantly prolonged by 27%, 44%, and 38%, respectively, as compared to the agematched DR myocytes, indicating a slowing of contractile kinetics. 12WHSD myocytes in DR rats showed a 20% increase in the time to peak shortening and a 35% increase in the time from peak to 50% relaxation, as compared to 4WHSD myocytes in DR rats, indicating age-dependent changes of contractile function.
Ca
2 q transient of myocytes Ž . Fig. 5 Trace B shows a representative tracing of the Ca 2q transient. Table 2 shows the Ca 2q transient data of myocytes from DS and age-matched DR rats. After 4WHSD, there was a trend toward an increased Ca 2q transient amplitude of 32% for DS myocytes compared to w 2q x DR myocytes. The diastolic Ca in DS myocytes after i 12WHSD was similar to that of the age-matched DR w 2q x myocytes. In DS myocytes after 12WHSD, the peak Ca i was decreased by 18%, and the Ca 2q transient amplitude was decreased by 28%, as compared to those after 4WHSD Ž . p -0.01 , but these parameters were not different from those of the age-matched DR myocytes. The time to peak w 2q x Ca and the time to 50% and 90% decline from peak i w 2q x Ca were not changed in DS myocytes after 12WHSD i compared to those of the age-matched DR myocytes. Similarly, DR myocytes had no change in the measured parameters during this period.
Discussion
Animal model
The Dahl rat model was chosen because of its clear and reproducible transition from hypertension to compensated LV hypertrophy to overt heart failure following a high-salt w x diet in DS rats 12 . DR rats, which are 95% genetically identical to DS rats, do not develop hypertension, hypertrophy, or heart failure, and served as age-matched controls. In this model, the level of hypertension and the progression from hypertrophy to failure were dictated both by the time of initiating the high-salt diet and by the w x amount of salt in the diet 12,21 . When the high-salt diet was started in 5 week old rats, the animals showed a sharp increase in blood pressure and a rapid progression from myocardial hypertrophy to heart failure. In contrast, the onset of myocardial hypertrophy and heart failure occurred later in life and less sudden when the high-salt diet was started at an animal age of 8-9 weeks. Since we were interested in the pathophysiological changes in the early stages of heart failure and wished to achieve a slower progression from hypertrophy to heart failure, we started the high-salt diet in 9-10 weeks old rats. This might explain some of the pathophysiological differences obw x served by other investigators using the same model 12,22 .
DeÕelopment of hypertension and compensated cardiac hypertrophy
In the present study, DS rats developed significant hypertension after 2 weeks of a high-salt diet resulting in concentric myocardial hypertrophy after 4WHSD, as reflected by the increased heart to body weight ratio and leftward shift of the diastolic pressure-volume curve. The presence of myocardial hypertrophy was further supported by a significant increase in cell width and no changes in resting cell length, when compared to age-matched DR rats after 4WHSD. Inconsistent changes in myocyte size have been reported in several models of pressure-overload hyw x pertrophy 23,24 . However, most of these studies support the idea that increased myocyte cross-sectional area will be more pronounced than increased cell length in concentric hypertrophy. No changes were found in the lung wet to dry weight ratio at this stage. As demonstrated in Fig. 4B and Table 1 , contractile function was better in DS than DR rats at this stage. Therefore, we believe that these data provide sufficient evidence that the DS myocytes, at 4WHSD, were isolated from compensated hypertrophic and non-failing myocardium.
Mechanical function and intracellular Ca 2 q handling at the stage of compensated hypertrophy
Controversial findings have been reported relating to mechanical function and Ca 2q homeostasis in various animal models of pressure-overload hypertrophy. Some w x 6,9,25-27 observed mechanical dysfunction and abnormal Ca 2q dynamics in pressure-overload hypertrophy, suggesting impaired SR function. Others have reported that there was an enhancement in Ca 2q cycling by the SR Ca 2q pump in mild cardiac hypertrophy due to pressurew x overload 28 . Moreover, a recent study, using the Dahl rat w x model 22 , has shown that the plasma membrane calcium current density and the SR calcium release channels were normal. However, a defect appears as a change in the spatial relationship between the SR calcium-release and the sarcolemmal calcium channels.
We found that DS-4WHSD hearts generated a greater LV developed pressure for any given preload compared to Ž . DR-4WHSD hearts Fig. 4B . This finding is consistent with our observed 31% increase in the %CS in DS my-Ž . ocytes compared to age-matched DR myocytes Table 1 . These results indicate that the molecular remodeling occurring during compensated hypertrophy, at least in the Dahl rat model, is a beneficial alteration in response to hyper-Ž . tension. A 31% increase p -0.05 in the %CS of the DS cells, relative to DR, occurred with a parallel trend of 2q Ž . increase of the Ca transient amplitude Table 2 . This observation indicated that DS-4WHSD myocytes maintained normal Ca 2q homeostasis. The difference in our w x finding from others with more advanced heart failure 3 is most likely due to the fact that the molecular remodeling process is dependent on the degree, andror duration andror specific model of hemodynamic load.
DeÕelopment of congestiÕe heart failure
An increased lung wet to dry weight ratio in DS rats was observed after 12WHSD, suggesting the development of congestive heart failure. In addition, there was a significant increase in resting cell length and width, compared to age-matched DR myocytes. This myocyte lengthening in- dicates that myocytes are stretched and disproportionate to their normal growth. It has been suggested that myocyte lengthening is closely associated with the development of w x heart failure 29 . The results from our whole heart perfusion studies showed that, for any given LV diastolic pressure, LV volume was increased almost threefold in the DS-12WHSD hearts compared to DS-4WHSD. This suggests that LV dilation developed in the DS rats after 12WHSD. However, despite the occurrence of the ventricular dilation and congestive failure, the LV systolic function of isolated DS-12HSD hearts and isolated myocytes was preserved compared to DR rats, albeit decreased compared to DS-4WHSD. Therefore, the heart failure, i.e. pulmonary congestion, in our model appears to be largely due to diastolic dysfunction. This is also supported by the observation that these animals when exposed to ischemia and reperfusion develop a marked ischemic diastolic dysfunction when compared to DR-12WHSD rats, but recovw x ery of systolic function is preserved 30 . Thus, the initial stage of congestive heart failure in this rat model appears to be predominantly caused by diastolic dysfunction, although the occurrence of LV dilation implies some degree of systolic dysfunction relative to afterload in vivo. w x dependent Ca channels are downregulated 35 in human failing hearts. Nevertheless, the causal relationship between these parameters of Ca 2q homeostasis and progression to heart failure is unclear. Our data indicate that a prolongation in contraction and relaxation was not associated with a prolonged time course in the Ca 2q transient, whereas others have implicated alterations in intracellular Ca 2q handling as a possible cause of myocardial dysfuncw x tion 5 . Abnormal calcium handling can be masked by slow pacing. Since we paced our myocytes at a physiologic rate of 5Hz, it is unlikely that such a phenomenon confounded our results. Our observations are undoubtedly related to the specific time point of the transition stage from compensatory hypertrophy to failure andror because a different pressure-overload animal model was used. Our results do not exclude the participation of abnormal Ca 2q handling in the progression to end-stage heart failure. The slower speed of contraction that occurred in DR-12WHSD myocytes may be similar to the mechanism of preserving w x the amplitude of cell shortening in elderly rats 36 .
Mechanical performance and intracellular
Mechanisms of altered myocyte contractile function
Our results suggest that a prolongation of contraction and relaxation may be an early indicator of abnormalities in myocyte mechanical function during the transition from compensated hypertrophy to heart failure. In rats, a shift in Ž . myosin heavy chain MHC isoforms from the V to the V 1 3 isoform was observed during the development of cardiac w x hypertrophy or failure 37,38 . Altered catalytic hydrolysis of ATP by changes in the activity of myosin ATPase will principally affect maximal rates of energy liberation during w x the cross-bridge cycle 39 . Thus, this isoform shift may affect the time course of the contraction and represent a compensatory mechanism to maintain the contraction amw x plitude 6,40 . Changes of other subcellular elements, e.g. w x an increase in tubulin 41 , or other as yet determined myofilament protein changes may also contribute to the shortening and relaxation changes we observed. As the w x disease progresses, a decrease in contractility 12 will, eventually, be observed when the prolongation of contraction time course can no longer preserve the adequate contractile function.
Conclusions
The present study demonstrates that alterations in excitation-contraction coupling occur in LV myocytes isolated from DS rats during the transition from compensated hypertrophy to heart failure. During the compensated hypertrophy stage, increased contractile function was associated with a parallel trend of an increase of peak systolic w 2q x Ca With the transition to failure, the initial increase in i.
w 2q x 2q peak Ca abated, but all parameters of the Ca trani sient were comparable to those from non-failing myocytes. Thus, in this model abnormal Ca 2q handling neither precedes nor initiates the transition from compensated hypertrophy to failure.
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